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SUMMARY

An experimentel Investigatlon was conducted in order to determine
the porosity characteristics of perforated materials in normsl and
parallel flow. The results of the normal-flow test showed that the
porosity of the material 1s governed principally by its open ratlo, but
that density has a slight effect. When the same material was tested
under parallel-flow condltions, the effective porosity dropped markedly
as the streem velocity increased.

A new definition is given which permits the concept of a discharge
coefficlent to be extended to the case of parallel flow. An essentisl
feature of this extension 1ls that the dischaerge coefficient is based on
the totel velocity in the discharge jet rather than on some velocity
component normal to the wall. Discharge coefficients were determined
for the test materisls for parallel-flow stream velocities ranging from
200 to 1,400 fps. The most important psrameter in determining the dis-
charge coefficient of the materlal was found to be the ratio of the stream
velocity to the Jet velocity. FYor the same velocity ratios, the discharge
coefficients at the supersonic velocity tested were less than those for
the subsonic velocities tested.

INTRODUCTICHN

In recent years there has been a broadened interest in the use of per-
forated materials for solving certain aerodynemic-flow problems. Efforts
are now being made to obtaln satisfactory wind-tunnel walls and supersonic
diffusers (ref. 1) through the use of perforated materials. These applica-
tions require the perforated material to operate in a £luld having its
major veloclty component in a plene parallel to that of the materisl.

lsupersedes the recently declassified NACA EM L53HO7, "An Experimental
Study of Porosity Characteristics of Perforated Materials in Normal and
Parallel Flow' by George M. Stokes, Don D. Devis, Jr., and Thomas B. Sellers

1953.
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Since the porosity characteristics of the materisl must be such that
a desired outflow will be provided with a given pressure drop, information ,
is needed to show how a proper wall selection can be made. Although some &
limited information 1s svalleble for normal flow, no such information is
aveilable for the parallel-flow condition. Consequently, this investi-
gation was conducted in order to determine some of the flow characteristics
of perforated meteriasls and to establish which quantities are of most
importance in determining the porosity characteristics of perforated
materials.

SYMBOLS
Ay width of two-dimensionsl opening
AJ width of two-dimenslonal Jet _
M free-stream Mach number
my mass flow per unit ares through perforated materisl
Pj static pressure beneath openling
L}

Pg static pressure in stream
Tq open ratio, ratio of open srea of perforated material to _

totael ares of meterisl - : R
u/VS ratio of velocity at point in boundary layer to free-stream

veloclty
Vj Jet veloclty, veloclty corresponding to totel-pressure dif-

ference across material
Vn component of velocity normal to perforated material, mn/ps,

fps , _
VS stream velocity, velocity component parallel to perforsted B

materlal, fps -
AP static-pressure drop across perforated material, Py - Pj,

1b/sq ft

density of fluid in jJet, slugs/cu ft
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o] density of fluid before entering perforated materisal,
s slugs/cu £t
c discharge coefficlent, ratlo of Jet minimum area to open
area; in general, o = _n_ and, for the speclal case
ijjro

of normal flow, the approximate Incompressible-flow equa-
v

tion o = —Q,IE§— is used
o\ 2AP

ANATYSTS

The determination of the reletilionship between the pressure drop
across a perforated wall and the flow through the wall in the presence
of a component of the stream velocity which 1s parallel to the wall pre-
sents a difficult analytical problem. However, some insight into the
nature of the flow and the parameters which control the flow may be
obtained by a study of the two-dimensional, nonviscous, incompressible
flow through an opening in a thin wall:

N R/

Aj

— Ay \V

/o

In parallel flow, as in normal flow, the flow is expected to issue
from the opening in the form of a Jet of fluld. The free streamlines at
the outer edges of the jet are at a constant pressure and, therefore, at
a constant velocity. If the stagnation pressure and temperature in the
free stream are known, and 1f the pressure beneath the opening is kunown,
the velocity Vj can be calculated. In order to determine the flow

through the opening, the only further gquantity required is the width of
the Jet beneath the opening.

The problem presented by the type of flow shown in the preceding
sketch has been solved in reference 2 in connection with the design of
free streamline suction slots. The retio of jet width to open width is
found to be a function of the exit veloclty ratio Vs/vj alone.
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For normael flow (Vg = 0), the discharge coefficient is defined as

the retio of the jet area to the open area. By an extension of this
definition, the ratio of Jjet area to open area in the parsllel-flow case
(Vg > 0) will be defined here as the discharge coefficient for parallel

flow. It 1s important to note that this discharge coefficient 1s relsted
to the total veloecity V3 rather than to the velocity component which is

normal to the wall. TIt 1s evident that, as the rate of outflow through
the opening 1s reduced, the Jet will be inclined towerd the wall until in
the 1imit, as the outflow approaches zero and Vj epproaches Vg, the Jet

will be parallel to the wall and the Jet width will be zero. Thus, it is
inherent in the nature of the precedlng definition for the discharge coef-
flcient that, as the outflow approaches zero in the parallel-flow case,
the discharge coefficilent will also epproach zero. Conversely, if the
stream velocity 1s increased, with the outflow held constant, the dis-
charge coefficient will be reduced. As Vs/vj increases from O to 1,

the discharge coefficlent decreases from the normal-flow value to zero.
At a glven fixed value (other than zero) of the free-streem velocity, if
8 very small quantity of flow 1s removed through the opening, the dis-
charge coefficlent will be very small, bubt, as the Jet veloecity VJ is

increased, the discharge coefficlent willl also increase.

These results for two-dimensional, nonviscous, incompressible flow
give some insight into the probable nature of the outflow through a per-
forated wall. The discharge coefficient would be expected to be lower
for parallel flow than for normal flow. Furthermore, the exit velocity
ratio would be expected to be the primery parameter controlling the magni-
tude of the discharge coefficient.

Although the nsture of thils flow dilctates that the discharge coef-
ficient be related to the jet veloclty, the deslgner in most cases will
be interested primarily in the average velocity normal to the wall. For
a perforated wall, the relationship between this outflow velocity and the
pressure drop 1s regarded as the "effective porosity" of the wall. Thus,
it is of interest to determine how the static-pressure drop required to
obtain a fixed outflow is affected by en increase in the stream velocity.
An analysils of this problem, based on the two-dimensional theory, shows
that the required pressure drop increases rapidly as the stream veloclty
is Increased. Thus, an increase in the stream velocity would be expected
to result 1n & decrease in the effective porosity of a perforated wall.

Because the thickness of most commercial perforated materlsls 1s of
the same order of magnitude as the hole diemeter, the wells cennot actually
be considered to be Infinitely thin, as was the case in the preceding
analysls. The actual flow pattern 1s probably similar to that indlcated
in the following sketch:
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With this type of flow, the discharge coefficient will again be a
function of VS/V'j and the effect of parallel flow on the effective

porosity will be qualitatively similar to the effect found in the analy-
sis of the thin wall.

APPARATUS

The perforated material used for making these tests was a 2-inch-
square plece of 0.035-inch-thick Plexiglas. The Plexigias was bonded to a
supporting base made of l/E—inch lengths of 0.060-inch-outside-dismeter
and 0.050-inch-Inside-diameter Monel tubing stacked parallel and bonded
together as closely as possible. The Plexiglas top was made porous by
drilling small holes over the centers of the 0.050-inch holes in the
supporting base. Figure 1 shows a photograph of this perforated material
mounted in its test block. The porosity of the material was changed by
redrilling the holes in the Plexiglas top to successively larger dism-
eters, the number of holes being kept constant. The dlameters of the
holes tested were 0.0190, 0.0247, 0.0260, 0.0287, 0.0360, and 0.0390 inch.
These values were obtained by meassuring several of the hole diasmeters to
the nearest 0.0002 inch and by taking the average. The base of the Monel
tubing was used principally to provide a rigid backing for the 2-inch-
square porous surface and to prevent cross flow under the sample.

Figure 2 is a schematic drawing of the arrangement of the equipment
used for making normal-flow tests. The two flow meters used were Fischer
and Porter Flowrators having ranges from 6 to 60 and 50 to 300 cu ft/min,
The settling chamber was constructed so that uniform flow was induced in
the 3- by 5.8-inch section just ahead of the perforated material. An aircraft
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supercharger furnished the suction required for the experiments. TFig-
ure % is & photograph of the complete normal-flow test apparatus.

A 3-inch-square supersonic tunnel deslgned for a Mach number of 1.3
was used for meking parallel-flow measurements. This tunnel was originally
designed to have porous walls installed just to the rear of the supersonic
nozzle in order to study weve-reflection problems. For these tests, how-
ever, the bottom porous wall was removed and the 2-inch-square perforated
material was installed in its place. The air exhausted through the per-
forated material was drawn into a metering line incorporating a settling
chamber end flow meter. It then joined the alr exhausted through the top
porous wall before entering the suctlon supply. Figure 4 shows a schematic
drawing of the parallel-flow test configuration. Figure 5 is a photograph
of the perforated material mounted in the test section.

TESTS

Normal-flow tests were made for six different open ratios of 0.087,
0.148, 0.163, 0.200, 0.315, and 0.365. The basic measurements teken were
those of pressure drop across the material, mass flow through the material,
and alr temperature and pressure before entering the material.

Perallel-flow measurements were made for the four open ratios of
0.148, 0.200, 0.315, and 0.365. The measuréments teken were the same as
those for normel flow in addition to the stagnation and static pressure
of the parallel flow. Data were obtained for the approximate parallel-
flow Mach numbers of 0.2, O.4, 0.6, 0.8, and 1.3 for each open ratio.

Boundary-layer surveys were made 0.06 inch upstream of end 1.87 inches
downstream of the upstream edge of the 36 .5-percent-open perforated mate-
rial at a Mach number of 1.3. o

RESULTS AND DISCUSSION

Normal Flow

The results of the normel-flow tests are presented in figures 6 to 9.
Figures 6 and 7 show graphicelly the menner in which the ratio AP/ps

for two dlfferent values of pg varies with the velocity normasl to the

perforated materieal. The fact that the curves for equel open ratios are
not identical Indicates that there is some change in the porosity charac-
teristics due to a variation in pg. The slopes of the curves in these

logarithmic plots show that the pressure drop vaeries spproximately with
the velocity squared.
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A careful analysis of the data on the basis of Reynolds number (based
on hole diameter) showed that the discharge coefficient was approximstely
constant for the high Reynolds numbers tested but dropped off for low Rey-
nolds numbers. These results are consistent with those shown for nozzles
in reference 3. The Reynolds numbers at which the discharge coefficients
for the data presented in this paper began to drop off will be called the
"tolerance 1imit" to be consistent with data shown in reference 3. When
the velocity used for evaluating the Reynolds number exceeded a Mach num-
ber of approximately 0.4, the discharge coefficients began to drop, thus
indicating an effect of compressibility. The slope changes found in each
curve describing the porosity characteristics of the material (figs. 6
and 7) are results of the changing discharge coefficients. The calibra-
tions at the higher density (fig. 7) do not reflect the Reynolds number
and Mach number effects as noticeably as those at the low density because
of the change 1n range of flow conditions tested.

In order to show a general effect of density on the discharge coef-
ficient, an average of coefficients for each calibration shown in figures
and 7 was taken and plotted in figure 8. These curves show that the den-
sity has a definite effect on the discharge coefflcient, in addition to
showing that there is no apprecilable change in the discharge coefficient
as a result of changling the open ratio or hole dlameter for the range
investigated. ©Since this density effect was unexpected, the basic data
were carefully checked. No reason was found to doubt the existence of
the density effect shown. The density effect was found to be constant
with changes In Reynolds number and Mach number, provided the Reynolds
number was greater than the tolerance limit and the Mach number was less
than 0.k.

Some of the data of figure 6 have been cross-plotted to form fig-
ure 9 which shows that the normal velocity is a linear function of the
wall open ratio. Since the data for these curves were obtalned from
materlels whose hole dilameters varied by a ratio greater than 2 to 1
and since no slope changes are shown 1n the curves, as would be expected
if the hole dilameters had an effect, it is reasoned that the hole diameter
had little or no effect 1n determining the porosity characteristics of the
material tested. These facts are significant in that they show that it
is possible to predict the porosity characteristics of a given material
if the open ratio is known. These results are valid within the range of
flow variables used to obtain the data in figure 9. If a similar cross
plot were made by using the high-density data, the slopes of these curves
would increase; this result is consistent with the results shown in
figure 8.
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To summarize, the results of the normel-flow test show that (1) the
pressure drop across the perforated material veries approximately with the
veloclty squared, (2) the discharge coefficient appears to be a function
of denslty, and (%) when considering smell changes in hole dismeter, the
porosity characteristics are a function of the open ratlo of the material
and not & function of the hole dlemeter, provided the Reynolds number
range does not fall below the tolerance limit and compressibllity effects
are not encountered.

Parellel Flow

Results showing the characteristic behavior of the perforated material
in parallel flow may be found in figures 10 to 12. A comparison of the
curves in figure 10 with those of figure 6 shows that the effective poros-
ity of the material at M = 1.3 has dropped markedly below that for a
normel-flow condition. This phencmenon, however, 1s not surprilsing, since
the two-dimensional analysis previously discussed indicated that such an
effect might exist. No effort was mede to compute the degree of the
porosity drop in parellel flow on a theoretical basis, since the influence
of such factors as boundary layer, hole depth, and Jet mlixing could not be
determined. The slopes of the curves describing the parellel-flow charac-
teristice were found to fall off with increases in the parallel-flow
velocity so that, when a Mach number of 1.3 is reached, the power to which
the velocity affects the pressure drop is approximately 1.3. This fact is
of considerable importance when dealing with problems concerned with the
selection of a wall for the reduction of shock-wave reflectlons.

In order to show more graphically how parallel-flow velocity past
the perforated material veries the pressure-drop characteristics, figure 11
is presented for four open ratios and for an outflow velocity Vn of

50 fps. Although the trends of the curves gre similar in that a progres-
slvely increased pressure-denslty ratio AP/pS is required as stream

veloclty increeses, severe losses in the holes are indicated for the lower
open ratios so that a very large increase in pressure is required to msine-
tein a constant outflow. For example, for a constant pressure-density ratio

of 40 x 107 and a constant normal velocity of 30 fps, 1t 1s found in the
normal-flow curves of figure 9 that an open ratio of about 12 percent is
required. For the same conditions, the wall in parallel flow is required
to be about 15 percent open at 100 fps stream velocity or sbout 30 per-
cent open at Vg = 900 fps. The theoretical consideration previously

discussed 1ndicated that thils type of phenomenon should occur. The curves
have been dashed in the transonic-speed renge in order to indicate that
there may be some porosity behavior different from thet shown by the curve
fairings. Limitations of the test equipment prevented data from being
taken through this transonic range.
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The characteristic curves of figure 12 descrilbe more fully the per-
formance of perforated materials. These plots show the menner in which the
discharge coefficient ¢ varies with the velocity ratio VS/Vj. Close

inspection of the curves shows that there 1s practically no difference
in the general porosity characteristics for the open ratios of 0.148,
0.200, and 0.315. The largest ratio, 0.365, differs from the others
only in that 1t has a slightly increased discharge coefficient in sub-
sonic flow.

The Jet velocity V3 for these plots was determined by teking the
ratio of the static pressure below the wall to the stream total pressure
and computing the Mach number and local speed of sound on the basis of
isentropic flow. It should be understood that this method of treatment
is exac¢t only for thin walls; consequently, allowances must be made when
the hole depth exceeds some length which causes the pressure at the top
of the hole to differ greatly from that at the bottom.

Curves such as these describing the characteristics of perforated
materials in parallel flow are of considerable aid to the designer who
wishes to select a material having certain porosity characteristics for a
given set of condltions. For instance, the wind-tunnel designer may desire
a wall to have a certaein outflow velocity V, with a specific pressure

drop. By using the stream Mach number, temperature, and total pressure,
along with the desired value of AP, a theoretical jet velocity V3 and
stream velocity Vg can be computed. With the computed value of VS/VJ,

the discherge coefficient of the material for the particular stream con-
dition can be read from one of the perallel-flowecharacteristics curves of
figure 12. The open ratio r, may now be computed from the expression

In the event that a designer must use a material that differs
greatly in thickness and hole diameter from the material used in these
calibrations, the results presented may not enable him to predict exactly
the characteristics of the materisl but they will afford a first approxi-
mation. For precision, the material selected on the basis of this first
approximation should be calibrated and a curve similar to the curves of
figure 12 should be prepared for use in the next approximation. Good
results should be obtained by using this technique for materisl selection.
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Boundary Layer

Velocity profiles of the boundary layer for two suction conditions .
are shown in figure 13. These data were taken for the material having
an open ratio of 0.365 (0.0390-inch-diameter holes) at a Mach number of
1.3. An inspection of these data indicates two results: (l) for no
suction (zero pressure difference), the boundary-layer displacement thick-
ness decreases and (2) an almost complete bleeding of the boundary layer
from the test specimen occurs when a pressure difference of 120 lb/sq b
ig applled. A comparison of the two lower curves of figure 13 for zero
pressure difference indicates that the boundary-leyer veloclty increases
rapidly over the perforated section. The fact that, with no suction, the
boundary-layer displacement thickness appears to be less at the 1.87-inch-
dovnstream station over the perforated material than at the 0.06-inch-
upstream station indlcates that there may have been some outflow through
the materisl. Although the static pressure beneath the material was
set egual to the free-stream static pressure, a portion of stream total
pressure could have been recovered in the localized positions of the
individual holes and caused some of the boundary leyer to move through
the holes, thus accounting for the reduction in boundary-layer thickness. - =
The curve obtained when suctlon is applled reveals the rapidity with which
the boundary-layer thickness reduces. Although no data were taken at a
station Just downstream of the first few rows of holes to determine the -
boundery~layer displacement thickness at this point, it is concelvable
that the boundary layer becomes very thin just downstream of the iniltial
outflow station. ~These boundary-layer profiles are presented principally
to glve the reader some l1ldea about the type of flow existing immediately
over the porous meterial. ’ o

CONCLUSIONS - =

Results from an experimental investigation to determine the porosity
characterlstics of perforated materials for normal end parallel flow indi-
cate the following conclusions:

1. Within certain tolerance limits of Reynolds number and Mach num-
ber, the pressure drop through a perforated materlal in normal flow varies
approximately with the second power of the veloclty normal to the perforated
material V,. In parallel flow at & Mach number of 1.3, the pressure drop

varies approximately with the 1.3 power of Vp.

2. The open ratio is the important factor in determining the porosity
characteristics for materiasls in normel flow. The hole dlameter has 1lit-
tle or no effect on the porosity characteristics in the ranges of varia-

bles tested. .

%Z. Lowering the density of the fluid over the perforated material
causes & smell drop in the normal-flow discharge coefficient. .
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4. The pressure difference required to obtain a glven constant out-
flow increases rapidly as the parallel-flow velocity is increased.

5. The primary parameter governing the discharge coefficient of the
perforated material in parallel flow 1s the ratio of stream velocity to
Jet velocity Vs/vj.

6. Curves described by plotting the discharge coefficient against
VS/VJ can be used to select a perforated material having certain desired

porosity characteristics.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., August L4, 1953.
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Flgure 5.~ Perforated material mounted in tunnel.



3Q NACA TN 2085 17

1000 ,
i
500 :
200
[FH] A
100 To ; i
O—— 0.087 ; i 4
O— 1487
O .163 3
50 = O +200 HE
O— 0315 b4 "
o\ A_— -365 i
t
8
K
o 20 ,
. 10
|
s
2 :
~RACA 1
TR
1 ;

1 2 s 1o 20 So - 100 200 ot} 1000
Velocity normal to porous material, Vo Ips

Figure 6.- Normal-flow calibrstion of perforated materisl for several
different open ratios. pg =~ 0.0009 slug /cu ft.



18 NACA TN 3085

1000
500
200 [
100 T :
O— Q.087
O—- -1k f
o— .183
50 O—  +200
O—- 315 &
‘g L — »365 ) 2
[
4 2
Vi
10 -+
5
2 = 1’4 i
- NACA 7t
T T T
I RARA A NNREE I
1 I EENE RN
1 2 5 10 20 S0 100 200 500 1000

Velocity normal to porous material, V,, fps

Filgure T7.- Normal-flow calibratlon of perforated mesterial for several
different open ratios. Pg ™~ 0.0022 slug/cu £t.



a

Discharge ocoefficignt for normel flow,

1.0

o3

.B

7

‘6

=3

I2

Il

©
Pe250,0022 —O— — —G- o] )
Py A7 40009 & O < °
&
1 i ] | 1 | ! i I
0l .08 12 .16 .20 .2h .28 .32 .36

Open ratioe, r,

Figure 8.~ Comparison of dilscharge coefficients for two different
denslities for normal flow.

0

GQO% NI VOVN

6T




NACA TN 3085

: : T Q
HE ! 3 *
T T umunn
4 ; HiHH
§ ¥ secat .
_, | = g
, R o
HHE B ¢ 2
T m i @
_.m Wu + ' ::mmmu = S
i i nsati: g
mxo.._- H dissd s aagssian SR H o D.S
i St o~=
o B i&
3 +
T . REES m
; : L 5
: H o
S 3
= CI Y
1))
t H ]
! t o &
S AN AN _m “ " n ! m \\\_ % ﬂ
: P
; T
f H LI LTI
! £ 2 m
: A TR
o H =
_“ 1 5 T nm. m ﬂm
S S = fh & & =Y
e B 2
T T 42 _ﬂ
: T T
: ! b X " — N
] : : : mm
i : ; EEsEs ¥ .m.... w m
! A= H T3
; ik [S3Ns]
! H SEmsics it = 5
T i . 2 0
: ] H : ; 53
i : =
H i B
H 1 finy i i : 2 0
g Sissaais s | 0 m
H as A cC O
1 IHMMUM ﬁ n
| >
: o 1 H
SRiddan T ; H .
, et oN
£5a: : I r HIGH ] o
HEE o~
RRRLES : ES P
o , W =
HH f H —t
i o P s =
=

5 § 5 § 5 8 % € © 8 &

T, epwpieywm snoiod 03 T¥MIOT £3F00T0A

Py = 0.0009 slug/cu fi.



21

NACA TN 3085
1000 r .
500
l'o V., fp.
200 O— 0.1k48 a7 iEss: ;
Q'_ « 200 1)418 ; T
O— L3185 k20 g
ﬂ'_" 0365 thO )
100 - o .
50
1\ 1
3
®
go.' 0
10
jL
5 ’ I
2 t f } T i :
-\\;N‘Q;f'/
i LML |
1 I SRR
i I IO T T
1, 2 g 10 20 50 o 200 S0 1000

Velocity normal to porous material, Vp IS

Figure 10.- Parallel-flow calibratlions of four different open
ratios in perforated material at s Mach number of approxi-
mately 1.3. pg =~ 0,0009 slug/cu ft.



22 NACA TN %085

T - T o mTTsasE oz ey AT
150 T e e e T : asezztaae R e

130

PIPE

120

8

-3

g

m x
Py
t Somic velocity

E & &

8

S mam
T
issuna:

00 200 300 Loo Soo 600 700 B0 $00 1000 1100 1200 1300 1o 1500

Stream velocity, Vgs fps

Figure 11.- Curves showing the manner in which AP/ps varies with parallel-

flow streem veloecity for four prerforated-material open ratios with a
constant normal velocity of 30 fps. Symbols indicate cross-plot polnts.



Discharge ccafficient, o

Discharge coefficient, o

NACA TN 3085

o9
e
8
v 5 B To = 0.1k8 f
S
]
.5 i
ok 2
«3
2 B Bubacnig = =
1 Supersonis
o] g
o2 3 b B 8 S 9 10
Yelocity ratio, '4.
.9 =
o8
K To 0.200
FEHET it
1) T
s 5 :
ok
B G
o3 B T
Sabsonic —3
% EEoe Wﬁﬂ =
BE::
0 3l 2 W3 Wk 5 6 W7 W8 W9 0

Discharge coefficieat, o

Discharge cosfficisant, o

o7

"6

.5

ok

2

o1

o8

o7 B

& B

o5

23

|
HH i Te ® 0315
H
zm EF T
:.::::'E
SHES i
Subsonis
4 Supsracnie =
o Jd 2 3 % 5 s T W89 Lo
Yelocity ratio, ;';
.
T, * 0,365
SiEE
ey
::Lw 2
i i
= ::uﬁﬁ Subzonic
:
S Supersonic 5
3 =it
[s IS SRS S S S 2 - T (Pt - B R Y.}

Yelocity ratio, !I.

]

Figure 12.- Relation between discharge coefficient and velocity ratilo

for perforated materlal in parallel Fflow.
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Figure 1%3.- Boundary-layer velocity profiles of flow just upstream of

and over perforated material at a Mach number of 1.3.

ry = 0.365.
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